In recent years, the intra-annual yield variability of traditional food crops grown in Europe increased due to extreme weather events driven by climate change. The Andean crop quinoa (Chenopodium quinoa Willd.), being well adapted to drought, salinity, and frost, is considered to be a promising new crop for Europe to cope with unfavorable environmental conditions. However, cultivation guidelines and cropping experiences are missing on a long-term scale. The adaptation of a mechanistic crop growth model will support the long-term evaluation of quinoa if grown under the diverse environmental conditions of Europe. The objective of this study was to adapt the process-based cropping system model (CSM) CROPGRO, which is included in the Decision Support System for Agrotechnology Transfer (DSSAT). Therefore, species and genetic coefficients were calibrated using literature values and growth analysis data, including crop life cycle, leaf area index (LAI), specific leaf area (SLA), dry matter partitioning and nitrogen concentrations in different plant tissues, aboveground biomass, and yield components, of a sowing date experiment (covering two cultivars and four sowing dates) conducted in southwestern Germany in 2016. Model evaluation was performed on the crop life cycle, final aboveground biomass, and final grain yield for different sowing dates using an independent data set collected at the same site in 2017. The resulting base temperatures regarding photosynthetic, vegetative, and reproductive processes ranged between 1 and 10 • C, while the corresponding optimum temperatures were between 15 and 36 • C. On average, the crop life cycle was predicted with a root mean square error (RMSE) of 4.7 and 3.0 days in 2016 and 2017, respectively. In 2016, the mean predicted aboveground biomass during the growth cycle showed a d-index of 0.98 (RMSE = 858 kg ha −1 ). Furthermore, the LAI, SLA, and leaf nitrogen concentrations were simulated with a high accuracy, showing a mean RMSE of 0.29 (d-index = 0.94), 25 cm 2 g −1 (d-index = 0.88), and 0.51% (d-index = 0.95). Evaluations on the grain yield and aboveground biomass across four sowing dates in 2017 suggested a good robustness of the new quinoa model. The mean predicted aboveground biomass and grain yield at harvest maturity were 6479 kg ha −1 (RMSE = 898.9 kg ha −1 ) and 3843 kg ha −1 (RMSE = 450.3 kg ha −1 ), respectively. Thus, the CSM-CROPGRO model can be used to evaluate the long-term suitability, as well as different management strategies of quinoa under European conditions. However, further development on the simulation of small seed sizes and under water or nitrogen-limited environments are needed.
Experiments
To evaluate the influence of different sowing dates on quinoa growth and development, field trials were conducted in 2016 (trial 1) and 2017 (trial 2). The trials were located on two different fields at the experimental station "Ihinger Hof" of the University of Hohenheim (48 • 44 N, 8 • 55 E, 478 m a.s.l.) in southwestern Germany. The site has a warm, temperate climate with a long-term average annual rainfall around 690 mm and a mean temperature of 7.9 • C.
Previous crops grown at the experimental fields were silage-corn (trial 1) and winter wheat combined with mustard as a catch crop (trial 2). Performing a winter furrow during early December, the crop residues or entire plants (mustard in 2017) were incorporated with a conventional plough to a depth of 30 cm. The experimental fields provided highly fertile, heavy soils, classified as Haplic Cambisol [57] . Soil texture was characterized as silt loam and silty clay loam in 2016 and 2017, respectively ( Table 2 ). Prior to the first sowing date, the mineral nitrogen (N min ) content was 22.9 and 53.5 kg ha −1 to 90 cm in 2016 and 2017, respectively ( Table 3 ). The soil organic carbon (C org ) content was very similar in both years, showing values of 2.8% (2016) and 2.4% (2017). The field trials were arranged in a randomized, complete block design with three replicates for each factor (sowing date and cultivar). The plot size was 30 m 2 (10 m × 3 m), including eight rows with an inter-row spacing of 0.35 m. After the seed bed preparation with a rotary harrow to a depth of 8 cm, sowing was done mechanically at a depth of 1.5 cm. Beginning in mid-March, a sowing time interval of two weeks was chosen ( Table 4 ). Due to a poor field emergence combined with severe insect damage on the emerged plants, in 2017, the original fourth sowing date had to be re-sown, and consequently, the time period between the third and fourth sowing dates expanded to 28 days ( Table 4 ). The sowing density was 230 germinable seeds m −2 . However, the final plant densities differed within and between the trials, as shown in Table 4 . Nitrogen fertilization was based on mineral nitrogen contents (N min ), measured prior to sowing ( Table 3 ). The target value of nitrogen (N) application (fertilizer N plus N min ) was 100 kg ha −1 and the difference was broadcasted as calcium ammonium nitrate during early vegetative growth. Weed control was done either manually by hand (within rows) or mechanically (between rows). Insecticides and fungicides were applied as needed. 
Climatic Conditions
During the growth period of quinoa, the experimental years for the model adaptation and evaluation showed remarkable differences in terms of the maximum temperature, daily solar radiation, and rainfall distribution ( Table 5 ). In 2017, the mean daily maximum temperature was around 0. The rainfall distribution varied between the two years with a maximum during May (88 mm) and June (108 mm) in 2016 and later in the crop cycle during June (72 mm) and July (110 mm) in 2017. Meteorological data were available daily from an automatic weather station close to the experimental fields. The development stages, as described in the literature [58, 59] , were recorded twice a week to predict the quinoa life cycle. Important growth stages for use as model input included the emergence, first pair of true leaves, visible main stem inflorescence, beginning of anthesis (first extruded anthers on main stem inflorescence), seed set (first visible grains within main stem inflorescence), and harvest maturity (ripe grains, difficult to crush with fingernails). In addition, the number of leaf tips on the main stem, number of primary branches, and the number of primary branches with inflorescences were counted and the length of the main stem inflorescence, plant height, and plant width (orthogonal to row direction) were measured. For these none-destructive measurements, five random plants were tagged within the four center rows of each plot. The measurement interval was seven days. The mean of five plants was counted as one observation.
Dry Matter Partitioning and Leaf Area
Beginning around four to six weeks after emergence, dry matter partitioning was determined at 14-day intervals in 2016 (trial 1). An area of 0.33 m 2 covering the four center rows was randomly selected and all plants were cut at the soil surface. The plant number of the harvested area was recorded, and subsequently, the sample was fresh-weighed and oven-dried at 70 • C for at least 72 h. A previously taken subsample of two representative plants from the harvested area was separated into green and senescent leaves (main stem + branches), petioles, stems, and inflorescences (main stem and branches separately). The separated plant organs were fresh-weighed and then oven-dried at 70 • C to a constant weight. After the beginning of the seed set, dried inflorescences from the two single plants were manually separated into the grains and shells (hulls) to determine the dry matter partitioning within the reproductive organs. The single-grain weight was calculated by taking the mean of three random 10-seed subsamples.
Dry matter fractions of the two separated plants were used along with the 0.33 m 2 sample mass to calculate the area-related dry matter of different plant tissues. To get an area-related seed number, the total seed weight of the 0.33 m 2 cuttings was divided by the recorded single grain weight.
Before drying the leaves of the single plants, the fresh leaf area per plant was determined using an LI-3100 Area Meter (LI-COR, Lincoln, NE, USA). The total leaf area of the 0.33 m 2 cuttings was calculated by multiplying the area-related leaf dry matter (dm) with the mean specific leaf area (SLA, cm 2 g −1 dm) of the two single plants. Then, LAI was derived by dividing the total leaf area by 0.33 m 2 .
In addition, three further single plant harvests were made during grain filling to measure grain water content for gaining more insight into the maturing process of quinoa grains. Therefore, two (trial 1) to four (trial 2) single plants were cut at the soil surface within a random 0.33 m 2 area of the four center rows of each plot, and the total plant number of the area was counted. After harvesting, inflorescences of the main stem and branches were separated and stored in plastic bags in a cooling chamber to prevent water losses. The inflorescences were freshly separated into the grains and shells. Then, after recording the fresh weights of the grains and shells, the samples were oven-dried at 70 • C to a constant weight. Area-related values for inflorescences and grain dry matter were generated by multiplying the dry weights by the total plant number of the cutting area. The single-grain weight and area-related seed number was computed as described above.
Harvest
The trials were harvested when the plant senescence was sufficiently progressed and therefore no main stem leaves were present. Depending on the sowing date and year, the growing periods varied between 98 (trial 2, fourth sowing date) and 157 days (trial 1, first sowing date) ( Table 2) . To avoid shattering, harvest was done by hand within the four center rows for both experiments. The harvested area was 0.75 m 2 (trial 1) and 1.5 m 2 (trial 2), respectively. Before cutting the plants at the soil surface, the final heights of ten random plants within the harvest area were measured. Then, the total plant number was counted and the main stem inflorescence length and the number of primary branches with inflorescences of ten random plants were recorded. After these measurements, all plants were separated into straw (stem + remaining secondary leaves) and inflorescences (main stem and branches separately). Then, inflorescences were manually separated into grains and shells and cleaned using an air separator. Straw and shell samples were fresh-weighed and subsequently oven-dried at 70 • C to a constant weight. To display the absolute grain dry weights (0% moisture), a grain subsample of 20 g was dried at 100 • C (24 h) and the grain moisture was calculated. The thousand kernel (TKG) weight was determined using a Contador ® seed counter (Pfeuffer GmbH, Kitzingen, Germany).
Chemical Analysis
Dried plant tissues of the dry matter partitioning samples (leaves, stems, shells) and the final harvest (straw, shells, grains) were finely ground and the total nitrogen (N t ) concentration was measured with a vario Macro cube (Elementar Analysesysteme GmbH, Hanau, Germany). Crude protein contents were calculated by multiplying the N t -concentrations by a conversion factor of 6.25 [60] .
Modeling Approach
A wide range of environmental conditions at different developmental stages, given by different sowing dates, allowed for the estimation of genetic coefficients and temperature sensitivities for crop growth modeling [61] . Therefore, model adaptation was realized with time-series data from the field trial conducted in 2016, including the two selected cultivars grown using four sowing dates (trial 1). The model evaluation (no further model modifications) of phenology, final grain yield, and total aboveground biomass at harvest maturity was done with an independent data set resulting from repeating the above-mentioned sowing date experiment in 2017 (trial 2).
Before starting with the model adaptation, all relevant input files were created and imported into DSSAT V4.7 [49] . Weather data (solar radiation, maximum and minimum temperature, rainfall, wind speed, and relative humidity) were imported on a daily basis into the weather file (.wth). Relevant characteristics of the different soil layers (clay and silt percentage, organic carbon, total nitrogen content, and pH) were entered into the "Sbuild" utility program, which is part of DSSAT V4.7. Using the standard equations of "Sbuild," further soil parameters (drained upper and lower limit, bulk density, saturated hydraulic conductivity, and root growth factor) were calculated and a specific soil file (.sol) containing all required information was created.
The experimental data used for the simulations were summarized in separate experimental management files ("File X"). The information included site descriptions, initial soil conditions (water content, N min content), residue management, sowing dates, final plant populations, fertilization dates, and harvest management. Furthermore, symbiotic N fixation, a standard process for legumes, was turned off in the simulation options.
As a starting point for the model adaptation, we used the genetic coefficients (contained in the species file, cultivar file, and ecotype file) of the CROPGRO-legume model, which was adapted and calibrated for soybean [46] [47] [48] [49] . Since the reproductive plant organs in the CROPGRO-legume model are termed as pods, this term is used thereafter as a substitute for the inflorescences of quinoa. Assuming a daylength insensitivity of both selected quinoa cultivars, the cultivar-specific traits of the soybean cultivar "maturity group 00" (ecotype: SB0001) were used, along with setting PP-SEN = 0.08 (which creates a near daylength insensitivity) as the default baseline for parameter development of cv. Jessie and cv. Zeno, respectively.
The CROPGRO adaptation process for quinoa followed a systematic approach based on the manual calibration of species and genetic coefficients comparing simulated and observed growth analysis data. Furthermore, specific coefficients or parameters were adjusted using literature values and measured data. A similar approach was used to develop models for safflower [26] , rapeseed [52] , and faba bean [50] . This can be briefly described as:
1.
Composition values for plant tissues (seeds, shells, leaves, and stems) were derived from the literature and our own analysis (protein). Moreover, cardinal temperatures for growth or development processes and freezing temperatures were adapted based on literature values and a stepwise parameter estimation.
2.
Parameters that influence the life cycle (threshold values for the cultivar-specific phase duration of different development phases) were changed to predict the correct dates of the first pod, anthesis, and harvest maturity. Then, to ensure an adequate prediction of the leaf number and canopy height and width, the leaf appearance rate, the internode length per node, and the canopy width per node were adjusted by comparing observed and simulated values.
3.
The next step focused on the parameterization of traits influencing photosynthesis, and consequently, the biomass production during the life cycle. The first target was to match the observed values for the specific leaf area (SLA) over time. Therefore, the default values for the radiation effect on the SLA under saturating irradiance (SLAMIN) and under limiting low light (SLAMAX) were adjusted. Furthermore, we set very minor differences in the cultivar-specific SLA under standard growth conditions (SLAVAR), which is similar to the species-standard SLA in saturating irradiance (SLAREF = SLAMIN). Continuing the improvements of the simulated biomass production over time, the specific leaf weight (SLW) giving the maximum photosynthetic rate (LFMAX) was calibrated and LFMAX was defined based on our own field measurements (not shown). The critical leaf N concentrations for photosynthesis were set in accordance to own data collected in a hydroponic experiment that included different N-concentrations (unpublished).
4.
Time-series comparisons of the predicted and observed dry matter accumulation for leaf, stem, and total aboveground biomass, as well as the leaf area index (LAI), were conducted to parameterize the partitioning functions and to set a final allocation among vegetative tissues. The focus was on the early leaf area development to reach a sufficient leaf area index (LAI), and consequently, a higher photosynthetic performance of the quinoa canopy to adequately predict the dry matter accumulation of the leaf, stem, and aboveground biomass over time.
5.
To match the measured N concentrations of leaves, stems, and shells over time, the maximum mobilization rate (from vegetative tissues) of proteins and carbohydrates during reproductive and vegetative growth was adjusted. 6.
Re-parameterization of cultivar-specific phase durations was done to match the measured values of the onset and slope of the dry matter accumulation for reproductive tissues. Furthermore, periods for pod addition (PODUR) and seed filling (SFDUR) were shortened and the maximum grain to pod ratio (THRESH) was adjusted to reach an adequate prediction of the pod dry matter, grain dry matter, pod harvest index, grain harvest index, and grain to pod ratio over time.
7.
Finally, the maximum weight per seed (WTPSD) was set to the lowest value allowed by the model (0.06 g) because the measured values (2.5-3.5 mg) led to source-code-related problems when simulating the reproductive growth (model failed to produce grains). A code change was not attempted because our aim was to be compatible with the default executable of V4.7 DSSAT.
Considerable iterations occurred between the above-mentioned steps using comparisons of measured and simulated growth data (steps 2, 3, 4, 5, and 6 above).
Model Evaluation Statistics
Simulations with the new quinoa model were evaluated by comparing the simulated and observed time-series and final (harvest) data. The statistical indices were the root mean square error (RMSE) and Willmott agreement index (d-index; [62] ). The RMSE gives information about the overall deviation between the simulated and observed values in the unit of the variable with zero indicating a perfect fit, and the d-index shows the conformity for general trends between simulated and observed data.
Values can vary between 0 and 1, with a value of 1 indicating perfect agreement between the simulated and observed data.
The RMSE was calculated using the following equation:
and the d-index was calculated as follows:
where n is the number of observations, O i are the observed values, S i are the corresponding simulated values, and O is the mean of the observed value for the i th observation.
Results and Discussion

Model Adaptation
In general, to understand the influence of uncontrollable environmental effects (temperature, soil characteristics, etc.), the usage of growth data that is not affected by water and nitrogen stress is the best way to estimate the model parameters for potential biomass accumulation of a new crop [50] . Using the measured rainfall datasets, the simulation of soil water balance showed no evidence for water stress affecting photosynthesis during the growth cycles of different sowing dates in 2016 (not shown). In contrast, simulation of the nitrogen stress showed significant deficiencies in the nitrogen availability during the growth cycles of all sowing dates in 2016 (not shown). Due to sufficient nitrogen fertilization rates, high soil organic carbon contents (2.8%), and no observed evidence of N-deficiency, the simulated nitrogen stress was not attributed to an inadequate nitrogen supply. The other, more coherent, explanation was the legume typical biotic N-fixation turned off for CROPGRO adaptation on quinoa requirements. This may have disclosed source-code-related model problems regarding the DSSAT soil carbon (C) module, or rather the associated routines used for N mineralization. Therefore, the simulation of the N-balance for the model adaptation and evaluation purposes was turned off in this study under the assumption of an adequate N supply.
Temperature-Dependent Processes
In the CROPGRO model, development and growth processes depend on linear or quadratic temperature functions defined by the cardinal temperatures of each process. Above a certain base temperature (T b ) necessary to start the growth or development process, the relative rate increases with temperature up to an optimal value (T opt 1) and remains the highest until the highest optimum temperature (T opt 2). Temperatures above T opt 2 lead to a decline in the relative development or growth rate up to a ceiling temperature (T max ), where the rate of progress becomes zero.
The germination rate of quinoa was estimated to be equal to zero at temperatures around 3 • C and the optimum temperature was between 30 and 35 • C [63] . In contrast, an evaluation of ten cultivars at temperatures between 2 and 20 • C resulted in T b estimates of −0.4 to 0.2 • C for the germination rate of quinoa [16] .
The base and optimum temperature for the rate of leaf appearance of nine quinoa cultivars was estimated using six temperature regimes in naturally lit growth cabinets [64] . The base temperature ranged from −2-3.8 • C showing a mean value of 1.9 • C, while the optimum temperature ranged from 20.3-23 • C, resulting in a mean value of 22 • C. Similarly, Bois et al. [16] calculated a common base temperature of 1 • C for the rate of leaf appearance (three cultivars) using the results of 13 experiments, while the leaf growth, or rather leaf area expansion, was reported to have a base temperature around 6 • C and an optimum temperature around 22 • C. Following the reported results on the temperature requirements of vegetative development (leaf appearance) and leaf area expansion, we used a base temperature of 1 • C and 6 • C, respectively (Table 6 ). Furthermore, both processes were modified to have the same first optimum temperature of 22 • C. Relative leaf area expansion Effect on specific leaf area 6.0 6 22.0 -9 -9 Internode expansion Effect on height and width 9.0 7 19.0 -9 -9
Pod set Effect on Pod and seed addition 10.0 22.0 26.5 41.0 1 Base temperature. 2 First optimum temperature. 3 Second optimum temperature. 4 Maximum temperature. 5 Maximum leaf photosynthetic rate. 6 Relative rate was 0.46 at T b . 7 Relative rate was 0.45 at T b . 8 Relative rate was 0.80 at T opt 2. 9 Relative rate remained high above T opt 1.
In comparison to the vegetative development of quinoa, the progress of the early reproductive stage was reported to have a slightly higher base temperature of 1.7 • C [16] . Another evaluation of nine quinoa cultivars resulted in an average base temperature around 2.5 • C (excluding two relatively high values about 5.6 and 4.2 • C), with a corresponding optimum temperature of 19 • C [65] . However, these values were developed during a controlled environment study, which only varied the temperatures but maintained the radiation intensity. Evaluations against the field data, where temperature and radiation were correlated, led to the conclusion that T opt might be underestimated due to existing interactions between the radiation and high temperatures. Therefore, progress to anthesis was tested under a constant temperature of 24 • C but with different radiation levels. Compared with the optimum temperature developed during the previously mentioned experiment, the time to reach anthesis was similar when combining 24 • C and a high irradiance [65] . Thus, T b and T opt 1, used for the progress of early reproductive development, was set at 2 • C and 24 • C, respectively ( Table 6 ). Regarding the late reproductive development of quinoa, there is only a small amount of data available on T b and T opt . In general, the temperature requirements on quinoa seed filling are very exacting. At 28 • C during seed filling, a decreased seed diameter was observed, and consequently, a strong inhibitory effect of high temperatures during the seed-filling phase was concluded [66, 67] . Similar results were reported for quinoa grown in USA, where temperatures exceeding 30-35 • C during anthesis or the seed-filling stage were associated with pollen sterility, a poor seed set, and consequently low yields [68, 69] . Following the reported temperature restrictions during anthesis and the grain-filling stage, a T opt 2 of 30 • C was set in the CROPGRO species file for the early and late reproductive development of quinoa. To be consistent, this temperature was also used as the second optimum for vegetative development (Table 6) . Since there was no information available on the first optimum temperature of late reproductive development, it was modified according to the value used for the progress of vegetative development (22 • C). The base temperature for late reproductive development was assumed to be slightly higher compared with early reproductive development, but information from the literature was lacking. Starting with 2 • C, we performed stepwise increments of the base temperature to test the parameter sensitivity. The best results were achieved using a base temperature of 4 • C (Table 6) , giving reasonable results for all sowing dates (trial 1). As a maximum temperature, above which the rate of progress is zero, 45 • C was selected for all developmental stages of quinoa.
Contrary to the developmental processes, the growth processes of quinoa, such as stem expansion or maximum leaf photosynthetic rate, are stimulated by high temperatures [70] [71] [72] . Leaf-gas exchange measurements at different leaf temperatures of quinoa, from 10-30 • C, resulted in a first optimum temperature of 30 • C regarding light-saturated leaf photosynthesis. However, the estimated temperature response curve allowed for the assumption of a slightly higher T opt 1 for leaf photosynthesis [73] . Depending on the mean growth temperature, Pearcy et al. [74] observed a similar T opt 1 between 28 and 30 • C when investigating the leaf photosynthesis of Chenopodium album L., a close relative of quinoa. Furthermore, the temperature range resulting in the maximum leaf photosynthetic rate of Chenopodium album L. was found to be very small, showing a second optimum temperature around 36 • C, where the photosynthetic rate was about 80% of the maximum value. Taking the reported literature into account, the values 32 • C (T opt 1) and 36 • C (T opt 2, relative rate: 0.8) were used for the light-saturated leaf photosynthesis of quinoa ( Table 6 ). The T b (2 • C) and T max (44 • C) for leaf photosynthesis were set based on the calibration over all sowing dates (trial 1).
Plant Tissue Composition
Following the method of Penning de Vries and van Laar [75] , the CROPGRO model calculates the growth respiration costs and conversion efficiencies of different plant tissues depending on the approximate composition values (protein, carbohydrate-cellulose, lipid, lignin, organic acid, minerals) included in the species file (Table 8 ). Furthermore, the CROPGRO species file includes information on the initial (maximum), growth (normal), and final (minimum) protein concentrations of the leaves, stems, roots, and shells. Composition values of the seed proteins and seed lipids used in species file serve as reference values, which can be overwritten by the specifications included within the cultivar file ( Table 7 ). The maximum protein contents and remaining composition values for each plant tissue must be equal to 1.0. Except for the protein values for leaves, stems, and shells, which were set on the basis of nitrogen values measured during the 2016 growth period (trial 1), composition values for different plant tissues were set within the range of literature-reported composition values for quinoa. If the literature information was lacking, values from the soybean model were taken, or values were assumed by deducting the sum of particular values from 1.0 [26] . The mean values of quinoa seeds for different cultivars were between 12-16% protein [17] , 61-74% carbohydrate [76] , 5.5-7.5% crude fat [17] , and 2-3% crude fiber [76] . Regarding the mineral content of quinoa seed, broad ranges of 1.4-7.6% [76] or 2.0-6.1% [77] were reported in the literature.
The protein concentration of leaves was estimated to have an initial value of 35.6% (5.7% N), a typical value during growth of 28.5% (4.6% N), and a minimum value of 9.2% (1.5% N). Carbohydrates make up 32-36% of the total dry matter of quinoa leaves [77] . Furthermore, quinoa leaves can accumulate comparatively high concentrations of minerals [78] , showing a range of 4.6-26.9% [79] . The crude fiber concentration, which served as an estimate for leaf lignin in the current quinoa model, varies between 8.0 [80] and 13.9% [77] . Lipids are minor constituents of quinoa leaves, showing a mean proportion of 4% with almost no variation among cultivars [81] .
Based on our data on N concentrations during the growing period in 2016 (trial 1), the maximum value for the protein concentration of stems was set to 20% (3.2% N), while typical and minimum protein concentrations were around 10% (1.6% N) and 3% (0.5% N), respectively, in stem dry matter. Furthermore, quinoa accumulates high amounts of xylan (15.4-17.9%) and glucan (35.7-37.9) [82] in the stem. Based on these values, the composition value for stem carbohydrate (includes cellulose) concentration was set to 51.1%. As a second major stem component, lignin was reported to range between 21.9 and 23% [82] . 
Phase Durations and Phenology
Most original quinoa landraces can be categorized as facultative short-day plants, flowering under any photoperiod, but reproductive development continues only under a short-day photoperiod (<12 h) [56] . However, during the adaptation process of quinoa to northern latitudes, ecotypes originating from the coastal regions of southern Chile were found to show a high level of photoperiodic insensitivity during the reproductive phase. Consequently, these ecotypes were used for the further breeding of European cultivars [56] . Therefore, quinoa was modeled as a photoperiodic insensitive plant in the current study, assuming a critical photoperiod of 14.35 h, below which, progress to anthesis and reproductive development was the most rapid. Additionally, we used an apparent sensitivity (PP-SEN) of 0.008 for both cultivars that defined the slope of the relative decrease (1 h −1 ) in the rate of progress for photoperiods longer than the critical threshold assumed ( Table 7) . A PP-SEN value of 0.008 ensured nearly complete daylength-insensitivity.
In quinoa, pods (inflorescences) appear before anthesis and seed growth starts very soon after anthesis. Therefore, we followed the procedure described by Singh et al. [26] and integrated the real anthesis date in the CROPGRO model only as a dummy variable while creating a false flower, with the aim of predicting the beginning of the seed set (R5) in the CROPGRO model corresponding to the observed quinoa anthesis.
Simulation of the first pod date, anthesis date, and harvest maturity date was calibrated using comparisons with observed data. Four CROPGRO cultivar parameters defining the phase durations of the time between plant emergence and flower appearance (EM-FL), time between first flower and first pod (FL-SH), time between first flower and first seed (FL-SD), and time between first seed and physiological maturity (SD-PM) were relevant parameters to reach an adequate prediction of the quinoa life cycle. The first pod date required the sum of EM-FL and FL-SH. To create a better partitioning transition to stem during the later life cycle, we set EM-FL to the maximum possible value (11.2 photothermal days (PD) for both cultivars), while minimizing FL-SH (Table 7) . Subsequently, targeting a reasonable prediction of the "real" anthesis date, FL-SD was set to 8.6 and 9.1 PD for cv. Zeno and cv. Jessie, respectively ( Table 7) . The time between first seed and physiological maturity was set to 34.4 PD (cv. Zeno) and 30.9 PD (cv. Jessie) to match the simulated and observed values of harvest maturity dates. Including both cultivars and the four sowing dates in 2016 (Trial 1) overall RMSEs for the prediction of first pod, anthesis (beginning seed in the CROPGRO model), and harvest maturity dates were 4.1, 3.1, and 7.0 days, respectively (Figure 1 ).
The CROPGRO model predicts crop height and width as a function of the increase in main stem node number and corresponding internode length and canopy width. Targeting a correct initialization of the node formation or leaf appearance for both cultivars, the time between planting and emergence (PL-EM), as well as the time required from emergence to first true leaf (EM-V1), was adapted to 3.2 and 2 thermal days, respectively ( Table 9 ). The simulation of leaf number was increased by setting the main stem leaf appearance rate (TRIFL) to 0.9 (cv. Zeno) and 1.2 (cv. Jessie) leaves per thermal day. These values resulted in an accurate prediction of the observed leaf tip number over time, showing a d-index of 0.977 and 0.976 for cv. Zeno and cv. Jessie, respectively ( Figure 2 ). Since we observed a leaf tip number on the main stem instead of the CROPGRO standard (number of fully developed leaves), the specified TRIFL values were comparatively higher than the soybean value of 0.32; however, we believe quinoa has a faster leaf appearance rate than soybean. In addition, the CROPGRO model uses the fully-expanded main stem leaf number to simulate the canopy height, which in turn has a considerable impact on the light interception, and consequently, canopy photosynthesis [83] . Because the leaf tip appearance ends several plastochrons prior to the full expansion of leaves (and internode extension), a modest compromise on the timing of the end of leaf appearance was made to achieve the canopy height. Hence, the coefficient that defines the termination of continued leaf formation on the main stem (FL-VS) after the false flower date was set to 20 PD, slightly higher than the leaf number data suggested. This gave a tolerable overprediction of the final leaf number, but a reasonable estimation of canopy height (Figure 2) . Nevertheless, across all sowing dates, the RMSEs for the simulated main stem leaf number showed acceptable values of 3.5 and 4.5 for cv. Zeno and cv. Jessie, respectively. Besides the improvements for the simulations of leaf appearance and final leaf number, further height parameters were modified to reach an adequate canopy light interception over time. The temperature sensitivity of internode elongation was calibrated to have a T b of 9 • C, giving 0.45 of the normal internode lengths, and a T opt 1 of 19 • C, above which, normal (1.0) internode length can be reached (Table 6 ). Furthermore, the lookup table defining the maximum potential internode length at corresponding nodes above the cotyledon node was modified. According to observed data (Figure 2) , internodes during the early vegetative stage (until node number 10) were modeled to be shorter with successive internodes showing only slight increments in length. The length of the internodes later in the life cycle were longer, showing a more rapid, successive increase in elongation until about half of the final node number was expressed ( Table 10 ). These specifications were made based on the growth analyses of cv. Zeno, which served as a reference within the species file. Regarding cv. Jessie, the parameter for the relative height of an ecotype in comparison to the standard height per node defined in the species file (RHGHT) was adjusted to 0.8 to take the larger node number of this ecotype into account (Table 9 ). Generally, the maximum height of both quinoa cultivars sown on four sowing dates was reached at the beginning of seed development, with mean values between 0.90 m and 0.96 m for cv. Zeno, as well as between 0.84 and 0.91 m for cv. Jessie. The simulated canopy height showed a good fit across the four sowing dates with RMSEs of 0.058 and 0.068 m and d-indexes of 0.993 and 0.991 for cv. Zeno and cv. Jessie, respectively ( Figure 2 ). 
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Specific Leaf Area and Photosynthesis
To predict the response of the specific leaf area (SLA) to solar radiation, an upper (thinnest leaves, under low radiation) and lower limit (thickest leaves, under high radiation) of the SLA was defined in the species file. While keeping the minimum possible SLA (SLAMIN) as the default, the possible maximum SLA (SLAMAX) was decreased to 760 cm 2 g −1 (Table 11 ). Following the observations for cv. Zeno during the peak vegetative phase, the reference SLA (SLAREF, same as SLAMIN) contained in the species file was set to 250 cm 2 g −1 . Consequently, the cultivar-dependent SLA under standard growth conditions (SLAVAR) for cv. Zeno was set to the same value as SLAREF To predict the response of the specific leaf area (SLA) to solar radiation, an upper (thinnest leaves, under low radiation) and lower limit (thickest leaves, under high radiation) of the SLA was defined in the species file. While keeping the minimum possible SLA (SLAMIN) as the default, the possible maximum SLA (SLAMAX) was decreased to 760 cm 2 g −1 (Table 11 ). Following the observations for cv. Zeno during the peak vegetative phase, the reference SLA (SLAREF, same as SLAMIN) contained in the species file was set to 250 cm 2 g −1 . Consequently, the cultivar-dependent SLA under standard growth conditions (SLAVAR) for cv. Zeno was set to the same value as SLAREF (Table 7) . Considering the general observation of its thinner leaves, SLAVAR for cv. Jessie was set slightly higher to 255 cm g −1 . The cultivar-dependent SLA specified for cv. Zeno and cv. Jessie was consistent with the literature, which reports values between 144-277 cm 2 g −1 [84] . Averaged across the four sowing dates in 2016, the observed mean SLA of the growing period was 179.5 and 192.7 cm 2 g −1 , for cv. Jessie and cv. Zeno, respectively. Simulated values were very close, showing a mean SLA of 180.1 (cv. Zeno) and 190.9 cm 2 g −1 (cv. Jessie), and a corresponding d-index of 0.87 and 0.90, for cv. Zeno and cv. Jessie, respectively (Figure 3 ). To model the productivity of the quinoa cultivars correctly, the maximum leaf photosynthetic rate (LFMAX, Table 8 ) was increased based on the field measurements, which were consistent with the literature [71, 84] . Values were set to 39.3 μmol CO2 m −2 s −1 (1.73 mg CO2 m −2 s −1 ) and 38.6 μmol CO2 m −2 s −1 (1.70 mg CO2 m −2 s −1 ) for cv. Zeno and cv. Jessie, respectively.
A sufficient nitrogen supply was reported to be essential for maintaining the LFMAX of different quinoa cultivars [84] . Following the results of the leaf N concentrations found in leaves, used for measuring the maximum photosynthetic rate in the field, the leaf nitrogen concentration (LNREF) giving the maximum photosynthetic rate in the CROPGRO model was set to 4.5% (Table 11) . Consequently, the quadratic leaf photosynthesis response function to the leaf N concentration (FNPGN) was also modified. While setting the N concentration for the maximum photosynthesis equal to the value specified for LNREF (4.5%), the minimum leaf nitrogen concentration, giving zero photosynthesis, was decreased to 1.0%. Both values were consistent with previous results derived from a hydroponic trial, which tested the influence of various nitrogen concentrations on maximum photosynthetic rate (not published).
Additionally, the CROPGRO model allows for the relative effect of the minimum night temperature on the next day's photosynthesis. According to the reported cold tolerance of quinoa [16, 85] , a low sensitivity against night temperatures was assumed. Hence, the function was calibrated to a Tb of −3 °C (next day's photosynthetic rate equal to zero) and an asymptotic value of 15 °C without producing limits on the next day's photosynthesis ( Table 6 ). By comparison, the values for faba bean, another cold-tolerant species, were set to −2 and 14 °C, respectively [50] . Allowing the model to simulate a higher canopy photosynthesis, the specific leaf weight (SLWREF) at which LFMAX was defined was finally reduced to 0.0034 g cm −2 (Table 11 ) based on the optimization against the biomass data. To model the productivity of the quinoa cultivars correctly, the maximum leaf photosynthetic rate (LFMAX, Table 7 ) was increased based on the field measurements, which were consistent with the literature [71, 84] . Values were set to 39.3 µmol CO 2 m −2 s −1 (1.73 mg CO 2 m −2 s −1 ) and 38.6 µmol CO 2 m −2 s −1 (1.70 mg CO 2 m −2 s −1 ) for cv. Zeno and cv. Jessie, respectively.
Additionally, the CROPGRO model allows for the relative effect of the minimum night temperature on the next day's photosynthesis. According to the reported cold tolerance of quinoa [16, 85] , a low sensitivity against night temperatures was assumed. Hence, the function was calibrated to a T b of −3 • C (next day's photosynthetic rate equal to zero) and an asymptotic value of 15 • C without producing limits on the next day's photosynthesis ( Table 6 ). By comparison, the values for faba bean, another cold-tolerant species, were set to −2 and 14 • C, respectively [50] . Allowing the model to simulate a higher canopy photosynthesis, the specific leaf weight (SLWREF) at which LFMAX was defined was finally reduced to 0.0034 g cm −2 (Table 11 ) based on the optimization against the biomass data.
Leaf Area Index and Vegetative Partitioning
The leaf area index (LAI) is simulated based on the SLA and leaf weight. Since dry matter partitioning into leaves was initially insufficient (with soybean parameters), the instantaneous partitioning among leaf, stem, and root tissues as a function of the vegetative development stage (node number) was modified (Table 12 ). This was caused by having much faster leaf appearance rates for quinoa; therefore, the soybean-default partitioning function against the leaf number progressed too rapidly toward less leaves and more stem. Thus, the period for partitioning a higher fraction assimilates to the leaves was extended compared with soybean (initial default). Consequently, the period for rapid stem growth, until the addition and growth of pods and seeds became dominant, was delayed and extended. Observations showed that rapid stem growth started just before reaching the peak in LAI or leaf weight observed around anthesis (Figures 4 and 5) . Moreover, stem growth reached a plateau close to the end of anthesis, showing no further dry weight increase. To account for this, the node numbers (XLEAF) corresponding to particular partitioning fractions of leaves and stem were shifted to partition larger dry matter fractions into leaves until node number 16 (Table 12 ). Then, the relative dry matter fractions partitioned into leaves and stem (YLEAF, YSTEM) were slightly adjusted based on optimization against the biomass data. sowing dates started too early, resulting in a slight overprediction before the peak phase ( Figure 4 ). However, averaged over all sowing dates, the simulated mean LAI during the growing period for both cultivars was very close to the observed value, with a simulated mean for cv. Zeno of 1.02 (observed: 0.93) and an RMSE of 0.28, while the simulated mean for cv. Jessie was slightly lower with 0.99 (observed: 0.89) and an RMSE of 0.30. Corresponding d-indices were 0.941 and 0.938, for cv. Zeno and cv. Jessie, respectively. The simulated leaf weights for both cultivars showed a consistent, slight underprediction for the peak phase ( Figure 5 ). The average RMSE was 167.5 kg ha −1 and 187.8 kg ha −1 for cv. Zeno and cv. Jessie, respectively. The corresponding d-indices were 0.938 (cv. Zeno) and 0.919 (cv. Jessie). The stem weight simulations were even more accurate with average RMSE values ranging from 308.8 kg ha −1 (cv. Zeno, d = 0.970) to 338.7 kg ha −1 (cv. Jessie, d = 0.956). For improving the simulated early leaf area increase, the leaf area for the fifth node position (SIZREF , Table 11 ) and maximum size of full leaf (SIZLF, Table 7 ) were adjusted. Based on the measured data during early vegetative development, SIZREF was set to 30 cm 2 . Since the final leaf number was intentionally overpredicted for both cultivars (Figure 2) , we had to calibrate values for the maximum single leaf area, resulting in 7.0 cm 2 (cv. Zeno) and 6.5 cm 2 (cv. Jessie).
Simulations of the stem weight over time were further improved by decreasing the parameter defining the ratio of petiole (stem) mass abscised per leaf mass abscised (PORPT) to 0.06 (Table 11 ). Quinoa does not abscise significant petiole mass, whereas soybean does. Since the CROPGRO model includes petiole mass in the stem mass, reducing PORPT resulted in an increased simulated stem weight during the life cycle. 
Leaf Senescence and Nitrogen Mobilization
The leaf senescence factor giving the potential loss of leaves per day after physiological maturity (SENRT2) was calibrated to 0.16 (Table 11 ). Factors other than crop age considered by the CROPGRO model to cause leaf senescence are drought stress and remobilization of nitrogen (protein) and carbohydrates. However, reproductive growth (seed filling), and consequently yield prediction, is also highly influenced by the potentially mobilizable protein amounts from vegetative tissues (leaves, stems, roots) until physiological maturity. To adequately predict the time course for nitrogen concentrations of vegetative tissues, the daily maximum protein fraction that is mobilizable from the vegetative tissues during reproductive growth (NMOBMX) and the relative intensity of NMOBMX during the vegetative phase (NVSMOB, is a ratio) were modified (Table 11 ). Based on an optimization against the measured nitrogen concentrations of the leaves, stems, and shells, the values were set to 0.125 (NMOBMX) and 0.65 (NVSMOB). The described changes resulted in reasonable predictions of the leaf nitrogen concentrations ( Figure 6 ). The average RMSEs were 0.49% and 0.53% for cv. Zeno (d = 0.958) and cv. Jessie (d = 0.945), respectively. Stem and shell N concentrations were also well predicted (data not shown). The usage of modified values for NMOBMX and NVSMOB also caused Using the model modifications discussed above, the LAI, leaf weight, and stem weight of both cultivars were adequately simulated across all sowing dates in 2016. The simulated leaf area index was underpredicted at the peak phase for the first sowing date, while the simulated LAI for late sowing dates started too early, resulting in a slight overprediction before the peak phase ( Figure 4 ). However, averaged over all sowing dates, the simulated mean LAI during the growing period for both cultivars was very close to the observed value, with a simulated mean for cv. Zeno of 1.02 (observed: 0.93) and an RMSE of 0.28, while the simulated mean for cv. Jessie was slightly lower with 0.99 (observed: 0.89) and an RMSE of 0.30. Corresponding d-indices were 0.941 and 0.938, for cv. Zeno and cv. Jessie, respectively.
The simulated leaf weights for both cultivars showed a consistent, slight underprediction for the peak phase ( Figure 5 ). The average RMSE was 167.5 kg ha −1 and 187.8 kg ha −1 for cv. Zeno and cv. Jessie, respectively. The corresponding d-indices were 0.938 (cv. Zeno) and 0.919 (cv. Jessie). The stem weight simulations were even more accurate with average RMSE values ranging from 308.8 kg ha −1 (cv. Zeno, d = 0.970) to 338.7 kg ha −1 (cv. Jessie, d = 0.956).
The leaf senescence factor giving the potential loss of leaves per day after physiological maturity (SENRT2) was calibrated to 0.16 (Table 11 ). Factors other than crop age considered by the CROPGRO model to cause leaf senescence are drought stress and remobilization of nitrogen (protein) and carbohydrates. However, reproductive growth (seed filling), and consequently yield prediction, is also highly influenced by the potentially mobilizable protein amounts from vegetative tissues (leaves, stems, roots) until physiological maturity. To adequately predict the time course for nitrogen concentrations of vegetative tissues, the daily maximum protein fraction that is mobilizable from the vegetative tissues during reproductive growth (NMOBMX) and the relative intensity of NMOBMX during the vegetative phase (NVSMOB, is a ratio) were modified (Table 11 ). Based on an optimization against the measured nitrogen concentrations of the leaves, stems, and shells, the values were set to 0.125 (NMOBMX) and 0.65 (NVSMOB). The described changes resulted in reasonable predictions of the leaf nitrogen concentrations ( Figure 6 ). The average RMSEs were 0.49% and 0.53% for cv. Zeno (d = 0.958) and cv. Jessie (d = 0.945), respectively. Stem and shell N concentrations were also well predicted (data not shown). The usage of modified values for NMOBMX and NVSMOB also caused a more rapid decrease in the LAI and leaf weight, which was consistent with the observed data, as shown in the final simulations (Figures 4 and 5) . Finally, the CROPGRO species file includes sub-lethal (FREEZ1) and lethal (FREEZ2) thresholds for low temperatures (Table 11 ). Taking the range of −5 to −6 • C [16] reported for freezing temperatures of quinoa leaves into account, FREEZ1 was set to −5.5 • C, while FREEZ2 was assumed to be −8.5 • C.
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Reproductive Partitioning
The parameters affecting the partitioning among reproductive parts (pod weight and grain weight) were mainly calibrated by comparing the simulated relative ratios of pod harvest index, grain harvest index, and grain to pod ratio with the observed (Figures 7 and 8 ). Since these ratios are not biased by randomly-taken small biomass samples, this can be considered a reliable method of calibration [50] . Due to the absence of available literature on cardinal temperatures regarding pod addition, these temperatures were initially optimized using comparisons of observed and simulated pod indexes for both cultivars and all sowing dates. The resulting temperatures were 10 (Tb), 22 (Topt1), 26.5 (Topt2), and 41 °C (Tmax) ( Table 6 ). Moreover, the duration of the pod addition under optimal conditions (PODUR) was calibrated based on cultivar-specific comparisons of observed and 
The parameters affecting the partitioning among reproductive parts (pod weight and grain weight) were mainly calibrated by comparing the simulated relative ratios of pod harvest index, grain harvest index, and grain to pod ratio with the observed (Figures 7 and 8 ). Since these ratios are not biased by randomly-taken small biomass samples, this can be considered a reliable method of calibration [50] . Due to the absence of available literature on cardinal temperatures regarding pod addition, these temperatures were initially optimized using comparisons of observed and simulated pod indexes for both cultivars and all sowing dates. The resulting temperatures were 10 (T b ), 22 (T opt 1), 26.5 (T opt 2), and 41 • C (T max ) ( Table 6 ). Moreover, the duration of the pod addition under optimal conditions (PODUR) was calibrated based on cultivar-specific comparisons of observed and simulated values for the pod harvest index and pod weight at different sowing dates. The resulting PODUR was 16 and 15 photothermal days for cv. Zeno and cv. Jessie, respectively ( Table 7 ). In order to reach adequate predictions for the grain harvest index, grain to pod ratio, and grain weight, we finally calibrated the values for the maximum fraction of the daily growth that was partitioned to seed (XFRT), the seed filling duration under standard growth conditions (SFDUR), and the maximum grain to pod ratio at harvest maturity (THRESH) included in the cultivar file (Table 7 ). Furthermore, the fractions of protein (SDPRO) and oil (SDLIP) contained in the seeds were set according to the literature values reported for cv. Zeno and cv. Jessie ( [17] , Table 7 ).
Agronomy 2019, 9, x FOR PEER REVIEW 21 of 30 time were predicted very well for all sowing dates (particularly the onset including a slight early lag), resulting in d-indices of 0.952 (cv. Zeno) and 0.959 (cv. Jessie). Grain to pod ratio ( Figure 7 ) and grain harvest index (Figure 8 ) were simulated with high accuracy for all sowing dates and both cultivars. Predictions of the grain to pod ratio showed RMSE values of 5.83% (cv. Zeno, d = 0.914) and 6.30% (cv. Jessie, d = 0.921). Similarly, the grain harvest index showed RMSEs of 0.058 and 0.060 for cv. Zeno (d = 0.924) and cv. Jessie (d = 0.930), respectively. Simulations of the grain weight resulted in sowing-date-dependent accuracies for the final values, while the slopes and onset of grain growth was predicted very well in general for cv. Zeno (RMSE = 703.7 kg ha −1 , d = 0.866) and cv. Jessie (RMSE = 579.3 kg ha −1 , d = 0.880) (Figure 9 ).
Considering the summation of all the previously simulated dry matter components, the total aboveground biomass was predicted very accurately for both cultivars and all sowing dates ( Figure  10) . The RMSEs were 818.3 kg ha −1 and 898.7 kg ha −1 with corresponding d-indices of 0.982 and 0.973 for cv. Zeno and cv. Jessie, respectively. The predictions of the total aboveground biomass finally highlighted the exceptional performance of the new quinoa model, and consequently, the adaptation process was finished. Using these calibrations, the pod harvest index and pod weight were reasonably well simulated. The pod harvest index of both cultivars and all sowing dates was slightly overpredicted in the beginning, while the final values showed a high accuracy (Figure 8 ). RMSEs of 0.064 and 0.078, with corresponding d-indices of 0.984 and 0.977, were found for cv. Zeno and cv. Jessie, respectively. In contrast, the simulations for the (final) pod weight of both cultivars showed more variation in accuracy when comparing different sowing dates (Figure 9 ). However, the slopes of pod weight over time were predicted very well for all sowing dates (particularly the onset including a slight early lag), resulting in d-indices of 0.952 (cv. Zeno) and 0.959 (cv. Jessie).
Grain to pod ratio ( Figure 7 ) and grain harvest index (Figure 8 ) were simulated with high accuracy for all sowing dates and both cultivars. Predictions of the grain to pod ratio showed RMSE values of 5.83% (cv. Zeno, d = 0.914) and 6.30% (cv. Jessie, d = 0.921). Similarly, the grain harvest index showed RMSEs of 0.058 and 0.060 for cv. Zeno (d = 0.924) and cv. Jessie (d = 0.930), respectively. Simulations of the grain weight resulted in sowing-date-dependent accuracies for the final values, while the slopes and onset of grain growth was predicted very well in general for cv. Zeno (RMSE = 703.7 kg ha −1 , d = 0.866) and cv. Jessie (RMSE = 579.3 kg ha −1 , d = 0.880) (Figure 9 ). Considering the summation of all the previously simulated dry matter components, the total aboveground biomass was predicted very accurately for both cultivars and all sowing dates ( Figure 10) . The RMSEs were 818.3 kg ha −1 and 898.7 kg ha −1 with corresponding d-indices of 0.982 and 0.973 for cv. Zeno and cv. Jessie, respectively. The predictions of the total aboveground biomass finally highlighted the exceptional performance of the new quinoa model, and consequently, the adaptation process was finished. 
Model Evaluation
The model evaluation of quinoa phenology across four sowing dates in 2017 showed highly accurate predictions of the first pod date, anthesis date, and harvest maturity date ( Figure 11 ). Averaged across all sowing dates, the simulated first pod date was 54 days after sowing (DAS) for both cultivars and thus very close to the observed mean value of the first pod appearance at 50 (cv. Zeno) and 52 (cv. Jessie) DAS, giving an overall RMSE of 3.0 days. Similarly, the simulated mean anthesis date was 62 DAS for both cultivars compared to the mean values of the observed anthesis at 63 (cv. Zeno) and 62 (cv. Jessie) DAS with an overall RMSE of 1.5 days. The simulated mean harvest maturity date at 114 DAS for cv. Jessie matched the observed mean value for this cultivar. In contrast, the simulated harvest maturity for cv. Zeno was 118 DAS, while the observed mean harvest maturity date was 113 DAS. On average (both cultivars, all sowing dates) the RMSE for the harvest maturity date was 4.4 days with a corresponding d-index of 0.977. In general, there was a higher accuracy in predicting the phenological stages of quinoa during the evaluation year (2017) compared with the adaptation year (2016). This could be attributed to the higher maximum and minimum temperatures observed in 2017 (Table 5 ), which might have led to better predictions by the CROPGRO model. To evaluate the model performance in predicting the potential aboveground biomass and grain yield formation, final values of the four sowing dates in 2017, observed at harvest maturity, were plotted against the corresponding simulated values (Figure 12 ). For both cultivars, the simulations accurately reflected the lower biomass and yield potential of early sowing dates observed in 2017. However, the model tended toward a slight underestimation of the total aboveground biomass, while the grain yield, especially for late sowing dates, was slightly overestimated. Across all sowing dates, the observed mean values of the total aboveground biomass were 7879 (cv. Zeno) and 6474 kg ha −1 (cv. Jessie) compared to the simulated values of 6946 and 6048 kg ha −1 for cv. Zeno and cv. Jessie, respectively. Overall, the RMSE for both cultivars was 898.9 kg ha −1 with a d-index of 0.803. Regarding the grain yield, a mean value of 3734 (cv. Zeno) and 3278 kg ha −1 (cv. Jessie) was observed across all sowing dates. The corresponding simulated values were very close with 4194 and 3492 kg ha −1 for cv. Zeno and cv. Jessie, respectively. The evaluation statistics showed an overall RMSE of 450.3 kg ha −1 with a d-index of 0.819. In conclusion, the good predictions of life cycle, grain yield, and aboveground biomass for different sowing dates during 2017, which showed remarkably different environmental conditions compared with 2016 (Table 5 ), confirmed the suggested exceptional performance of the new quinoa model. 
Conclusions
A new CROPGRO model for quinoa was developed to support research, and consequently, the introduction of a potential crop in European cropping systems suitable for dealing with unfavorable environmental conditions. The model offers a good starting point to integrate further knowledge on 
A new CROPGRO model for quinoa was developed to support research, and consequently, the introduction of a potential crop in European cropping systems suitable for dealing with unfavorable environmental conditions. The model offers a good starting point to integrate further knowledge on quinoa physiology while providing the possibility to evaluate the long-term suitability and different management strategies of quinoa under European conditions. The model adaptation based on the modification of numerous species and genetic traits resulted in reasonable simulations of the crop's phenological (phase durations of different development stages, leaf number, etc.), physiological (N-mobilization), and growth (LAI, SLA, aboveground biomass, yield, etc.) parameters. Since the adaptation and evaluation was performed for two cultivars across different sowing dates, giving various environmental conditions, our results suggest a good robustness of the new quinoa model. However, it was based on one field trial and one location, and should therefore be further improved and evaluated using other cultivars and growth analysis data generated under differing (unfavorable) environmental conditions with special attention to drought. Additionally, reformulation of the model code is needed to simulate small seed sizes and thus to improve the model accuracy regarding reproductive partitioning. Since we assumed no N-limitation during the adaptation and evaluation process, another important model area that needs to be introduced for quinoa includes the response to N fertilization. Therefore, the DSSAT soil C module, or rather the associated routines used for N mineralization, have to be reevaluated, and the source code possibly has to be changed to reach
